Abstract
Introduction
The measurement of trace amounts of water vapour in purge and process gases is of critical importance for a number of manufacturing processes, perhaps none more so than the fabrication of semiconductor devices. The semiconductor industry recognises water as one of the most difficult impurities to remove from gas distribution systems. The industry trend is moving toward larger wafer diameters, which in turn will lead to lower process pressures and gas flows. There is clear evidence that the presence of contamination in semiconductor gases has a measurable impact on the quality and performance of semiconductor devices. Large-scale integration devices, with the smallest features in the three-micron range, may not be affected adversely by trace impurities. However, yields of very large scale integration and ultra large-scale integration devices, in which line-widths are smaller than two microns, are very sensitive to trace impurities. In these conditions the moisture and gases adsorbed on the inner surfaces of processing equipment are readily desorbed into the gas flow affecting processing significantly. Consequently, semiconductor manufacturers are constantly reducing target levels of water present in purge and process gases.
Suppliers of ultra-high-purity (UHP) gases for the semiconductor industry are required to certify the quality of their products, as are the suppliers of gas purification equipment, which is almost always used immediately upstream of any tooling to ensure the highest purity at the point-of-use. Users of UHP gases must ensure that the level of water vapour in purge and process gases is within specification at all times in order to minimise production losses due to contamination. As the purity of gases improves, suppliers and users are faced with the problem of quantifying contamination and ensuring that the gases are within specifications at the point of use.
There are several established methods for determining trace water vapour found in inert gases. Instruments based on the chilled mirror technique are commonplace, as are those based on FTIR spectroscopy and the quartz crystal adsorption technique. More recently, instruments employing cavity ringdown spectroscopy (CRDS) have become more prevalent. Lower cost aluminium oxide based sensors are often used for monitoring in production environments. As these techniques are refined, so the claimed response times and detection limits are pushed ever lower. The development of analytical techniques capable of measuring ever-decreasing impurity levels must be coupled with traceable calibration.
The calibration of such instruments below the 1 µmol/mol level has until recently been a difficult exercise with few facilities available to generate reliable water standards down to single figure nmol/mol levels. A small number of National Measurement Institutes are now in the position to offer such calibrations using dynamic standards prepared using different techniques. The National Physical Laboratory trace water vapour generation facility employs a permeation device coupled with a novel dilution system to deliver water standards ranging from single figure nmol/mol to µmol/mol amount fractions.
Background to permeation devices
Permeation devices can be used to generate a wide range of gaseous species and consequently have a large number of applications [1, 2, 3, 4, 5] . A particular advantage of their use to generate calibration gases is that the volume fraction generated can be calculated from continuous or periodic determination of the mass loss from the device. However, to achieve high accuracy, a high mass loss is needed and the permeation devices must be maintained under conditions of constant pressure and temperature and in a constant gas flow.
Although the mass loss can be varied by changing the temperature, this is not easily implemented in high accuracy applications, particularly when rapid changes of volume fraction are required. One solution to the problem of generating adjustable amount fractions from a permeation device is to maintain the device under near "ideal" conditions and dilute the generated flow in order to reach lower volume fractions. However, this may require very high diluent flows and result in significant variations in the total flow from the outlet. The new method described here involves splitting the analyte stream generated by the permeation device between the outlet and a vent. This has the advantage that the permeation device can be maintained under conditions of constant pressure and flow, and also the total flow is approximately constant.
In the following section, we describe a gas flow dilutor based on splitting the flow from a permeation device with a network of critical orifices. It combines the accuracy and variability achievable with dilution systems [6, 7, 8] with the low volume fractions generated from permeation devices [2] . The key advantage of this method is that it enables the permeation device to be maintained in unchanging environmental conditions and only requires the mass loss to be determined when operating stably at a high permeation rate.
Fractional splitting of a gas flow
The method described here is referred to as "fractional splitting". It works by splitting the flow from a permeation vessel into a fraction D, which is fed to the outlet, and a fraction (1-D), which is vented ( Figure 1 ). In this arrangement, the flow of the complementary component to the permeation vessel (Q F ) remains constant and the fraction of the flow D(Q A +Q F ) from the permeation vessel, which is combined in the mixture outlet, is varied. The fraction of the calibration component in the mixture φ is given by
, φ is approximately independent of Q F and the outlet flow rate is substantially constant when the dilution is changed.
A practical implementation of the fractional splitting method using five critical flow orifices is shown in Figure 2 .
Since the flow through a critical flow orifice is independent of the downstream pressure, the pressures at the outlet and vent of Figure  2 can range independently from zero to half the pressure in the permeation vessel without affecting the flows. In this application, the sum of the flows through a number of critical orifices is controlled by a thermal mass-flow controller (MFC) and they regulate the pressure in the permeation vessel. When the orifices are at the same temperature, the ratio between their flows will be constant.
In the design implemented here, the flows through the critical orifices are weighted in binary ratios since this provides an efficient means of adjustment whilst retaining constant resolution when setting the flow. The flows from the orifices pass to three-way valves that can be set to direct the flow to either a vent or the mixture outlet, where it is mixed with the by-pass flow of the complementary component from a MFC. The total flow from the permeation vessel (Q T ) is split between the critical orifices in the proportions shown in Figure 2 . The five three-way valves may be set in 32 combinations, thus enabling the flow at the output to be adjusted from zero to Q T in steps of Q T /31. Hence, the volume fraction of the calibration component in the output can be varied in the ratio 1 to 31 with less than a 1% change in the output flow.
Implementation of fractional splitting
The fractional splitting method shown schematically in Figure 2 has been implemented in a facility for generating trace amounts of water vapour. An annotated photograph of the complete trace water vapour generation facility is shown in Figure 3 . The complementary gas is taken from cylinders of ultra-high-purity nitrogen, which passes through a purifier system (SAES Getter Monotorr). The output from the purifier passes directly to two MFCs that control Q V and Q F at 5 standard litres per minute and 0.05 standard litres per minute respectively. Flow Q F passes over a water vapour permeation source that is magnetically suspended from a microbalance with on-line weighing accurate to 1 µg. The use of a magnetically coupled balance enables an in-line continuous weighing measurement to be made and minimises the wetted surface area of the system, reducing the time taken to achieve a stable standard on start-up and when changing flow or temperature, which is necessary to change the range of the standards that may be prepared via dilution. Figure  4 shows a schematic of the permeation tube and magnetic coupling system. The permeation source is temperature stabilised to ±0.05°C to ensure a stable permeation rate and negligible balance drift. The main components of the facility are sealed in a temperature-stabilised enclosure, which is continuously purged with dry nitrogen. All surfaces contacted by the gas are metal (pipework is electro-polished seamless stainless steel tube with clean-room welded face-seal fittings). A key feature of the design is that the fraction of water vapour is constant throughout the system up to the final blending stage; hence the area exposed to changeable fractions of water vapour is minimised.
The flow from the permeation source (Q A + Q F ) is split by an array of critical orifices (LN Industries SA). The actual flow though each orifice is calibrated under controlled conditions to give values that are used to determine the flow dilution ratios. Since it is the ratio of the flows through the critical orifices that determines the dilution, it is not necessary for the actual conditions to match the calibration conditions as long as all the orifices are at the same temperature and upstream pressure. Table 1 shows the nominal flow, calibrated flow and flow uncertainty for each orifice used in the trace water vapour generator. With the generator in its typical operating configuration, the output water vapour volume fraction can be adjusted rapidly between approximately 3 x 10 -8 and 1 x 10 -6 .
Accuracy of dilution
The accuracy of the dilutions generated by the critical-flow orifices was tested by measurement of the flows corresponding to each of the 31 settings of the flow splitter. The flows were measured with a calibrated volume meter (Brooks Vol-U-Meter), an instrument that has not shown sensitivity to noise produced by the orifices. The results are presented in Figure 5 as the difference between the measured and generated flows as a fraction of the total flow. It can be seen that the measured flows match their predicted values within the accuracy of the measurements. A range of volume fractions of water vapour generated by the apparatus was measured with a calibrated frost point hygrometer (MBW K-1806). The data are presented in Figure 6 as the difference between the generated and measured volume fractions for given water vapour amounts. When the differences are expressed in terms of frost point, they correspond to a difference of 0.16 K. The results show that the measured volume fraction is consistent with the generated volume fraction to within the estimated uncertainties. Since the measurements were carried out over a period of one-anda-half years, they also demonstrate the long-term stability of the generator.
A practical difficulty with the flow splitter is that it creates a pressure drop that varies according to changes in Q F and ambient temperature. This will not change the split ratios of the critical orifices but will result in pressure changes in the permeation vessel. When the permeation tube is weighed within the permeation vessel (an objective of the design) it is important to maintain constant pressure in order to eliminate changes in the buoyancy. A revision of the design in which the pressure is constant in the permeation vessel may be achieved by replacing the MFC that controls flow Q F with a pressure controller. The pressure applied to the critical orifices would then determine the flows in the splitter.
Results of comparisons with NPL humidity standards and international comparisons
Several comparison exercises have been completed in order to demonstrate the agreement between well established water vapour standards traceable to temperature and standards prepared using the permeation and dilution system described here, which are traceable to mass. The thermally-based dew/frost point humidity standards facility at the National Physical Laboratory was established over twenty years ago and international comparability between this facility and similar systems held at other National Measurement Institutes is well established [9] . The National Physical Laboratory low frost point generator takes a dry source gas, cools the gas to the desired frost point and then contacts this gas with an ice surface to introduce water vapour into the gas such that it exits the system with a known frost point. This frost point can be converted to an amount fraction (and vice versa) that can be compared with standards prepared using the gravimetric facility.
Measurements made of standards prepared using the thermallybased system have made extensive use of instruments using the chilled mirror technique. An example of such an instrument has been used to make comparisons between a range of frost point generated values and values generated using the permeation tube based system. A summary chart showing the results from these comparisons is presented in Figure 7 . The results demonstrate the agreement between the facilities within the estimated uncertainties stated for each of the generated values.
Plans are underway to compare the gravimetric trace water vapour facility and the dew/frost point humidity standards facility with facilities held at other National Measurement Institutes, which employ a variety of methods of standards generation, including systems based on the dilution of a standard prepared using a permeation source.
Summary and conclusions
A new facility for generating adjustable concentrations of calibration gases from a permeation device has been developed and validated. The method achieves high accuracy by maintaining the permeation device at a constant temperature and pressure and in a constant gas flow. A network of critical orifices is used to split the flow by different fractions to produce continuous flows with dilutions in the range 100 to 3100 with a relative uncertainty of ± 3%. The operation of the permeation device and associated dilution network is verified by the production of flows of water vapour down to 2 nmol/mol. The results of a comparison between the facility described above and NPL's humidity standard generator demonstrate the comparability of the two approaches. The results demonstrate agreement within the stated uncertainties of the standards prepared using the two facilities. Further work is planned to compare the facility with standards held at other National Measurement Institutes. 
